) or a phosphomutant in which all 28 N-terminal potential PIKK phosphorylation sites were mutated to alanine (53BP1 DB28A ) (4) , in media containing isotopically heavy (53BP1 DB ) or light (53BP1 DB28A ) lysine and arginine ( fig. S1 , A to C) (11).
Most proteins co-precipitating with 53BP1 DB and 53BP1 DB28A displayed a H/(H + L) ratio of ~0.5, which is characteristic of phosphoindependent association (average of 0.57 ± 0.09, peptide count ≥ 4) ( Fig. 1 and table S1). Many of these proteins are non-specific contaminants, but others such as KRAB-associated protein 1 (KAP-1), dynein light chain LC8-type 1 (Dynll1), Nijmegen breakage syndrome 1 (Nbs1), and H2AX, represent authentic phosphoindependent 53BP1 interacting proteins ( fig. S1D ). Three proteins displayed an abundance ratio that was more than four standard deviations above the mean indicating that they interact specifically with phosphorylated 53BP1: Pax interaction with transcription-activation domain protein-1 (Paxip1, or PTIP; 0.95), PTIP associated protein 1 (Pa1; 0.97), and Rif1 (0.96) ( Fig. 1 and figs. S1D and S2). PTIP was known to interact with 53BP1 in a phospho-dependent manner (12) whereas Pa1 and Rif1 were not.
Rif1 was originally identified in budding yeast as a protein with a key role in telomere length maintenance (13) . However, in mammalian cells, Rif1 is not essential for telomere homeostasis, but has been assigned a number of different roles in maintaining genome stability including participation in the DNA damage response (14-16), repair of S-phase DNA damage (17, 18), and regulation of origin firing during DNA replication (19, 20) . However, the mechanism by which Rif1 might contribute to DNA repair and maintaining genome stability is not known.
DNA double-strand breaks (DSBs) represent a threat to the genome because they can lead to loss of genetic information and chromosome rearrangements. The DNA repair protein p53 binding protein 1 (53BP1) protects the genome by limiting nucleolytic processing of DSBs by a mechanism that requires its phosphorylation, but whether it does so directly is not known. Here we identify Rapl-interacting factor 1 (Rif1) as an Ataxia-Telangiectasia Mutated (ATM) phosphorylation-dependent interactor of 53BP1, and show that absence of Rif1 results in 5′-3′ DNA end resection in mice. Consistent with enhanced DNA resection, Rif1 deficiency impairs DNA repair in the G1 and S phases of the cell cycle, interferes with class switch recombination (CSR) in B lymphocytes, and leads to accumulation of chromosome DSBs.
To confirm that Rif1 interaction with 53BP1 is phosphorylation dependent, we performed Western blot analysis of Flagimmunoprecipitates from lysates of irradiated Trp53bp1 −/− B cells infected with retroviruses encoding 53BP1 DB or 53BP1
DB28A
. Whereas Dynll1, a phospho-independent 53BP1 interactor (SILAC ratio: 0.55) ( fig. S1D ), co-immunoprecipitated with 53BP1 DB and 53BP1 DB28A to a similar extent ( Fig. 2A) , only 53BP1 DB co-immunoprecipitated with Rif1. We conclude that the interaction between 53BP1 and Rif1 is dependent on phosphorylation of 53BP1.
ATM phosphorylates 53BP1 in response to irradiation-induced DSBs (1, 3) . To determine whether ATM induces irradiation-dependent association between Rif1 and 53BP1, we compared irradiated and nonirradiated B cells in co-immunoprecipitation experiments. Although small amounts of Rif1 were detected in 53BP1 DB immunoprecipitates from unirradiated cells, this was increased by a factor higher than 3 after irradiation, and the increase was abrogated by treatment with the ATM inhibitor KU55933 (Fig. 2B) . We conclude that Rif1 preferentially interacts with phosphorylated 53BP1 in a DNA damage-and ATMdependent manner.
Rif1 is recruited to DNA damage foci by 53BP1 (15) . To determine whether 53BP1 phosphorylation is required for Rif1 focus formation, we tested Rif1 foci in irradiated Trp53bp1 −/− immortalized mouse embryonic fibroblasts (iMEFs), which were stably transduced with either 53BP1 DB or 53BP1
. Rif1 foci were readily detected and colocalized with 53BP1 DB (Fig. 2C ). In contrast, although 53BP1 formed normal appearing foci, there were only rare Rif1 foci that did not co-localize with 53BP1 DB28A (Fig. 2C) . Furthermore, Rif1 recruitment to ionizing radiation-induced foci (IRIF) and co-localization with 53BP1 was abrogated in ATM-deficient but not DNA-PKcs-deficient iMEFs ( fig. S3) (15) . We conclude that Rif1 recruitment to DNA damage response foci is dependent on ATM-mediated 53BP1 phosphorylation.
53BP1 phosphorylation is essential for CSR (4 fig. S8C ), and has been implicated in processing of DNA ends (21, 22) , resulted in a very small but reproducible increase in CSR ( fig. S8, A and B) . Thus, Rif1 is essential for normal CSR, and CtIP may not be the only factor that contributes to end processing in Rif1-deficient B cells.
CSR requires cell division, activation-induced cytidine deaminase (AID) expression and Igh germline transcription (23) . There are conflicting reports that Rif1 is required for proliferation in MEFs, but not DT40 B cells (17, 18) . We found that cell division profiles of Rif1 
ROSA26
Cre-ERT2/+ B cells were indistinguishable from controls (Fig. 3, A and B; and fig. S7 , A, C, E, and G), indicating that Rif1 is dispensable for B cell proliferation in vitro. Finally, AID mRNA and protein expression, and Igh germline transcription were unaffected by Rif1 deletion (fig. S4, B and D) .
We next examined the role of Rif1 in cell cycle progression in primary B cells. We found no major differences in the percentage of cells in G0/G1 and S-phases (Fig. 3C) . However, the number of cells in G2/M was increased approximately twofold in the absence of Rif1 (2.64, 2.56 and 1.91 fold at 48, 72, and 96 hours respectively) (Fig. 3C) . Similar results were also obtained using Rif1 
Cd19
Cre/+ B cells in G2/M (Fig. 3D ). In addition,
, which did not recruit Rif1 to IRIF (Fig. 2C) , exhibited delayed progression through S-phase following DNA damage with accumulation of cells in G2 after irradiation ( fig.  S9) .
Accumulation of cells in G2/M may reflect the persistence of unrepaired DNA damage in a fraction of Rif1-deficient cells. To investigate this possibility, we analyzed metaphase spreads from B cells dividing in response to LPS and IL-4 in vitro. These cells express AID, which produces DSBs in Igh, and less frequently at off-target sites throughout the genome, in the G1 phase of the cell cycle (24) (25) (26) . Chromosomal aberrations were increased in Rif1 
Cre/+ B cells compared to controls (Fig. 3E) , with many localized to the Igh locus (Fig. 3E) . Consistent with the observation that Igh is targeted by AID in the G1 phase of the cell cycle, all of the Igh breaks were chromosome breaks (Fig. 3, E and F) . Interestingly, the frequency of c-myc/Igh translocations is moderately increased in Rif1
Cre/+ B cells, however, the breakpoint distribution was similar to Cd19
Cre/+ control (1.5 × 10 −6 versus 1.0 × 10 −6 in control, P = 0.039) (Fig. 3G and fig. S10 ). We conclude that in the absence of Rif1, DSBs fail to be resolved efficiently in the G1, S, or G2 phases leading to increased levels of genomic instability including chromosome breaks at Igh and translocations in dividing B cells.
In the absence of 53BP1, DSBs produced by AID at the Igh locus accumulate the single-stranded DNA-binding replication protein A complex (RPA) as a result of increased DNA end resection (24) . To determine if Rif1 is required for DNA end protection by 53BP1, we performed RPA-ChIP-seq (chromatin immunoprecipitation followed by massive parallel sequencing) experiments on Rif1
Cre/+ and control B cells. Ablation of Rif1 was indistinguishable from loss of 53BP1 in that in its absence RPA decorates the Igh locus asymmetrically, in a manner consistent with 5′-3′ resection (Fig. 4A) (27) . In addition, absence of Rif1 also results in RPA accumulation at non-Igh genes like Il4ra and Pim1 that are damaged by AID in G1 (Fig. 4B) (24, 25) . Rad51 is the recombinase that mediates repair of DSBs by homologous recombination in S/G2/M (22) . To confirm that Rif1 prevents resection that takes place in S-phase, we monitored Rad51 accumulation in activated B cells by ChIP-Seq. Loss of Rif1 was indistinguishable from loss of 53BP1 (27) , in that it led to asymmetric Rad51 accumulation at sites of AID-inflicted DNA damage (Fig. 4, C and D) . We conclude that in the absence of Rif1, AID-induced DSBs incurred in G1 persist and undergo extensive 5′-3′ DNA end resection in S/G2/M, as measured by RPA and Rad51 accumulation.
A role for Rif1 in maintenance of genome stability and protection of DNA ends against resection is consistent with its phosphorylationdependent recruitment to the N-terminal domain of 53BP1 (4). 53BP1 facilitates DNA repair and prevents DNA end resection during CSR. In the absence of 53BP1, AID-induced DSBs are resolved inefficiently in G1 leading to chromosome breaks, Igh instability, and resolution by alternative-NHEJ or HR instead of classical-NHEJ (4, 8, 27) . Our experiments show that in the absence of Rif1, 53BP1 is insufficient to promote genomic stability, mediate efficient Igh repair, DNA end protection or CSR. Thus, these 53BP1 activities require Rif1 recruitment to the phosphorylated N terminus of 53BP1. Rif1 is likely to have additional functions beyond 53BP1, CSR and DNA end protection because whereas Trp53bp1 −/− mice are viable, Rif1 deletion is lethal (17). Indeed, Rif1 is believed to play a role in the repair of S-phase DNA damage (17, 18), and in the regulation of replication timing (19, 20, 28) . Analogously, additional CSR factor(s) may exist downstream of 53BP1, as class switching in Rif1-deficienct B cells is significantly higher than in Trp53bp1 −/− . In summary our data are consistent with a model whereby ATMmediated phosphorylation of 53BP1 recruits Rif1 to sites of DNA damage, where it facilitates DNA repair in part by protecting DNA ends from resection (Fig. 4E) . In the absence of Rif1, DNA breaks incurred in G1 fail to be repaired by NHEJ and undergo extensive 5′-3′ end resection resulting in accumulation of chromosome breaks and genome instability.
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